Optimal sex allocation is frequency-dependent, but senescence may cause behaviour at old age to be suboptimal. We investigated whether sex allocation changes with parental age, using 16 years of data comprising more than 2500 molecularly sexed offspring of more than 600 known-age parents in common terns (Sterna hirundo), slightly sexually size-dimorphic seabirds. We decomposed parental age effects into within-individual change and sex allocation-associated selective (dis)appearance. Individual parents did not differ consistently in sex allocation, but offspring sex ratios at fledging changed from female-to male-biased as parents aged. Sex ratios at hatching were not related to parental age, suggesting sons to outperform daughters after hatching in broods of old parents. Our results call for the integration of sex allocation theory with theory on ageing and demography, as a change in sex allocation with age per se will cause the age structure of a population to affect the frequency-dependent benefits and the age-specific strength of selection on sex allocation.
Introduction
The optimal allocation of resources to the production of male and female offspring depends on the sex-specific offspring fitness returns per unit of parental investment, which are frequency-dependent and may vary between parents or environments [1] . Given the many factors that potentially affect the costs and benefits of producing each offspring sex, a priori quantitative prediction of the optimal allocation pattern is difficult [1, 2] .
Several studies have tested for cross-sectional associations between offspring sex ratio and parental age (e.g. [3 -6] ), since age often underlies quality differences between individuals [7] . Because sex allocation can be associated with parental lifespan, for example when long-lived (high-quality) individuals invest more in one sex [6, 8] , or when sex-specific rearing costs are translated into parental survival [9] , cross-sectional patterns of sex allocation with parental age may, however, not represent an effect of parental age per se. To establish an effect of age per se, it is required to study individuals longitudinally, and correct for potential overrepresentation of parents that produced a biased sex ratio among older age classes, as well as for confounding variables that have changed over time [10] . We are not aware of any study that meets all requirements to conclude that sex allocation changed with parental age per se.
In this study, we test for an effect of parental age per se on offspring sex ratio at hatching and fledging, in a long-lived seabird with slight sexual size dimorphism, the common tern (Sterna hirundo). Our long-term individualbased study allows us to uniquely separate within-individual effects of parental & 2016 The Author(s) Published by the Royal Society. All rights reserved.
age on offspring sex ratio from between-individual and environmental effects in a single analytical framework [11].
Material and methods (a) Study species and data collection
Common terns were studied in Wilhelmshaven on the German North Sea coast (53836 0 N, 08806 0 E). Chicks hatched in the study colony have been ringed since 1980, and the oldest bird has so far reached 26 years of age. Common terns are socially and genetically monogamous birds that typically lay a clutch of three eggs per breeding attempt, and generally do not have more than one successful attempt per year [12] . Males feed females during courtship and both pair members share incubation and chick provisioning [12] . Common terns appear sexually monomorphic, but males are slightly larger and reach 3% greater fledging mass [13] .
Since 1992, all fledglings, and 101 adult breeders, from the colony have been subcutaneously implanted with transponders (TROVAN ID 100; TROVAN, Kö ln, Germany). This allows identification of philopatric breeders by placing an antenna around each nest during incubation. Between 1992 and 2013, the number of breeding pairs fluctuated between 90 and 530, with about 60% of breeders being transponder-marked and of known age. Chicks are ringed within 3 days of hatching. Ringed chicks that die before fledging are collected and stored at 2208C. Between 1998 and 2013, 35.2% of dead chicks (n ¼ 7470) and all fledglings have been molecularly sexed using DNA obtained from muscle tissue (freshly dead chicks) or feathers (fledglings; for details, see [13] ). For analyses of hatchling sex, we used only broods from which all hatchlings were sexed (either as dead chick or fledgling), including broods for which all hatchlings fledged. Although this causes a slight bias towards successful broods, dead molecularly sexed chicks composed 44.3% of the dataset on hatchling sex ratio (n ¼ 2999 hatchlings), providing sufficient scope to observe qualitative differences between the hatchling and fledgling sex ratios.
(b) Data and analyses
Offspring sex was analysed at the level of the individual chick using generalized linear mixed models with a binomial error distribution and a logit link function and a Markov chain Monte Carlo estimation algorithm with 100 000 iterations. Individual offspring sex was represented by 0 (daughter) and 1 (son), with 1 as the denominator. To account for non-independence of offspring sex within years, parents and broods, 'year', 'parent identity' and 'brood identity' were included as random effects. Sex ratios, as presented in the figures, represent the proportion of males.
To maximize sample size, we analysed parental age effects on sex ratio for all offspring for which at least one parent was transponder-marked and of known age. To avoid pseudo-replication, we randomly selected one of the parents for offspring with two transponder-marked parents (n ¼ 959 hatchlings and 794 fledglings), such that individual offspring are represented once in the analyses. We included interactions between within-and betweenindividual parental age terms with parental sex to test for sex differences in parental age effects. We used male age for 1586 and 1405 offspring, and female age for 1413 and 1213 offspring, for analysis of hatchling and fledgling sex, respectively. We included 'year' as a continuous fixed effect to ascertain that parental age effects were not confounded by temporal changes in sex allocation over the study period. Between-and within-individual parental age effects were separated by using (i) the average age of each parent (with each brood weighted equally) and (ii) the annual age deviation from this average, as two fixed continuous variables. The average age term represents the between-individual age effect, and corrects for potential selective (dis)appearance of parents producing a biased sex ratio, while the deviation term represents the within-individual age effect [11] . Significance of these terms was tested with both terms in the model. Because within-individual age effects may not be additive with real age, we also tested for the interaction between the within-individual deviation and average age terms. Full models were simplified by backward stepwise removal of non-significant terms. Significance ( p , 0.05, twotailed) was assessed using the Wald statistic. Analyses were performed in MLwiN 2.22 [14] . We present full models with standardized effect sizes in the electronic supplementary material.
Results
At hatching, both within-and between-individual parental age effects on offspring sex were non-significant ( figure 1a  and table 1a) . The sex ratio among sexed hatchlings did not significantly change over the study period and the absence of significant random effects of 'year', 'parent identity' and 'brood identity' suggests that the sex of individual hatchlings does not differ more between years, parents and broods than randomly expected (table 1a) .
Within individual parents, regardless of parental sex, the proportion of males among fledged offspring, however, increased with age ( figure 1b and table 1b) . Parents that were on average older in our dataset had not produced a significantly more male-biased offspring sex ratio (figure 1b and rsbl.royalsocietypublishing.org Biol. Lett. 12: 20160260 table 1b). There was no significant change in fledgling sex ratio over the study period and no significant random effect of 'year', 'parent identity' or 'brood identity' on fledgling sex (table 1b).
Discussion
We found that the proportion of male offspring among fledglings increased as parents aged, which could be explained neither by other factors changing over time, nor by parents that are more likely to produce males being overrepresented among older age classes. As such, we are, to our knowledge, the first to have unambiguously shown that sex allocation changed with parental age per se.
We observed this pattern only among fledglings, not hatchlings, suggesting that it is the post-hatching care of old parents that favours sons over daughters. We cannot rule out that this, for unknown reasons, represents an adaptive phenomenon. However, despite an increase in the number of fledglings with parental age, the quality of fledglings declines with parental age in our study colony [15] , and adult reproductive value (a combination of parental survival and fledgling production) is known to decline after the age of 8 [16] . The bias towards sons with old age may thus more likely be suboptimal and an epiphenomenon of senescence. Perhaps the slightly larger size of sons provides them with a competitive advantage over their female siblings when the provisioning rate of old parents declines. Such a scenario could have evolved, because selection to ameliorate the fate of daughters at high parental age will be weak, because only few parents reach old age. In general, the strength of selection declines with age causing senescence to occur [17, 18] , but the possibility of senescence in sex allocation has received little attention. Directly showing senescence in sex allocation may, however, be challenging, as it would require manipulation of the sex ratio that old parents produce, independent of other traits, and testing whether a different sex ratio would provide these parents with greater fitness benefits.
Regardless of the ultimate explanation, our observation of a within-individual change in sex allocation with age calls for a better integration of sex allocation theory with theory on age-specific performance and demography, because the age structure of a population will affect the age-specific strength of selection on optimal sex allocation and its frequency-dependent benefits. Table 1 . Results from models testing parental age effects on common tern sex ratio, among hatchlings (a) and fledglings (b). Statistics of removed terms are presented as when added to the final model. 
